ABSTRACT
Amorphous powders often possess high hardness values and other useful mechanical properties [1] . However, densifying these powders into complex shapes while retaining their unique properties is a challenge with standard processing routes. Pressureless sintering, for example, can densify intricate green parts composed of rapidly-solidified powders. But this process typically involves long exposures to elevated temperatures, during which the non-equilibrium microstructure of the powder can evolve towards lower energy configurations with inferior properties [2] . Pressure-assisted compaction techniques, by contrast, can consolidate green parts with simple shapes while preserving the microstructure and properties of the powder feedstock [3] [4] [5] . But parts made with these processes generally require additional post-processing, including machining, which introduces new challenges due to the high hardness of these materials.
One processing route that can potentially avoid these issues is Indirect 3D Printing (I-3DP; aka Binder Jetting) followed by melt infiltration. In I-3DP, an organic binder is used to join powder feedstock, layerby-layer, into a green part [6] . In melt infiltration, this green preform is densified by placing it in contact with a molten alloy that wets the preform and wicks into the pores as a result of capillary forces [7] . When these processes are paired together, they offer two key advantages for the densification of rapidlysolidified powders. The first advantage is that the timescale associated with melt infiltration is on the order of seconds for parts with cm-scale dimensions [8] . So in many instances, infiltration requires only a brief thermal excursion that does not degrade the feedstock's microstructure. The second advantage is that the combination of binder-jet 3D printing and melt infiltration gives fully-dense net shape objects [9, 10] , minimizing the need for subsequent post-processing.
In this work, fully-dense, net shape objects have been fabricated from an amorphous powder using I-3DP and molten bronze infiltration while maintaining the amorphous microstructure. X-ray diffraction, scanning electron microscopy, and differential thermal analysis were used to characterize the structural evolution of the powder feedstock during an infiltration heating cycle. Microindentation and bend tests were performed on the infiltrated material to evaluate its mechanical properties. It was found that infiltration improved both the ductility and strength of the sintered preforms by eliminating the stress concentration at the interparticle necks. The infiltrated material had an 11 GPa Vickers hardness and moderate damage tolerance, making it well-suited for applications requiring hard, net shape parts.
STATEMENT OF OBJECTIVES
This phase 1 technical collaboration project (MDF-TC-2015-060) was begun on April 21, 2015 and was completed on May 31, 2016. The collaboration partner, The ExOne Company is a small business.
The scope of the Technical Collaboration Project has been divided into two phases. The first phase focuses on integrating an amorphous powdered metal system developed at ORNL for tooling applications to the ExOne I-3DP process. A proposed second phase involves developing a new binder system to eliminate the binder curing stage of the I-3DP process and also investigating the effects of the current binder system on sintering and infiltration. This document will detail efforts made in the first 12 months of the CRADA toward phase one: incorporating an ultra-hard stainless steel powder developed by ORNL into ExOne's I-3DP process.
The objectives of the first phase were to first develop printing process settings to achieve a near-net shape object from some batch-produced, amorphous powder. Second, printed parts underwent sintering and then infiltration with bronze and were evaluated for shrinkage during the process. The final part was evaluated for hardness, tensile strength, and other mechanical properties. The overall objective is to develop the processing parameters such that incorporating the amorphous alloy into ExOne's currently existing processes is immediately possible.
BENEFITS TO THE FUNDING DOE OFFICE'S MISSION
Additive Manufacturing (AM) of metals is a growing technology base that has the potential to significantly impact product realization in aerospace, automotive, and medical industries, among others. AM allows for the production of low-volume metal objects without the need for special tooling. Furthermore, AM technology can produce high-performance geometries that cannot be produced with traditional subtractive manufacturing methods. With powder bed fusion processes (Selective Laser Sintering, SLS, Selective Laser Melting, SLM, and Electron Beam Melting, EBM), many challenges exist due to thermal stresses within the printed parts, operator burden in completing the build process, low productivity rates, and overall cost of the equipment. Furthermore, developing process parameters for new materials in powder bed fusion processing is extremely difficult. Finally, with the exception of ExOne, the metal AM systems currently available are produced solely by manufacturers foreign to the United States.
Due to these negatives, many companies are looking to ExOne's Indirect 3D printing (Indirect 3DP) for their metal AM production needs. Currently, however, Indirect 3DP is limited to a stainless steel-bronze matrix as its only fully-dense material. This project seeks to expand the material selection of Indirect 3D Printing by introducing an amorphous alloy as a replacement to the stainless steel, providing significantly higher hardness and thus opening the technology up to high-wear tooling applications. Overall, the advancement of Indirect 3D printing material selection could lead to the adoption of AM technology by main-stream manufacturing industry and lead to higher US global manufacturing competitiveness.
TECHNICAL DISCUSSION OF WORK PERFORMED BY ALL PARTIES
A 100-kg batch of rapidly-solidified powder was prepared using nitrogen gas-atomization. The composition of the powder is given in Table 1 . Table 1 : Composition listed in wt% of the gas-atomized powder.
This alloy was designed so that when it is heated, thermally-stable carbides and borides precipitate and prevent grain growth [11] . The as-received powder was sieved to remove particles with diameters larger than 45 μm which can interfere with printing.
The structure of the powder was characterized using x-ray diffraction (XRD) and scanning electron microscopy (SEM). The XRD patterns were collected on a PANALYTICAL X'Pert PRO diffractometer using Mo Kα radiation. SEM samples were prepared by first mounting the particles in epoxy and then cross-sectioning them using standard metallographic grinding and polishing techniques. The samples were imaged using a Hitachi S3400 scanning electron microscope (SEM) operated at 20 kV and equipped with an energy-dispersive spectroscopy (EDS) detector. The structural evolution of the powder was evaluated using differential thermal analysis (DTA). 120 mg samples were heated to 1300 °C at 10 °C/min in a TA Instruments Q600 under flowing Ar. An ExOne Lab 3D printer was used to print green parts from the gas-atomized powder. All of the prints were performed using a 100 μm layer thickness and a diethylene glycol binder. After the prints were completed, the binder was cured by heating the entire powder bed to 200 °C for 2 hrs. The green parts were then de-powdered.
The densification behavior of the 3D printed parts was investigated by printing 6 mm diameter and 8 mm high cylinders printed with their axes of rotation parallel to the build direction. These green bodies were subsequently processed in one of two ways: either they were sintered, or they were infiltrated with Cu-10Sn, wt% bronze. Both the sintered and infiltrated specimens were subjected to the same heating schedule, shown in Figure 1 . This schedule was based on one that had been developed for 420 stainless steel powders. The samples were infiltrated by placing them in direct contact with a reservoir of molten bronze. The sintering and infiltration processes were conducted under flowing Ar+4% H2. Following sintering and infiltration, the dimensions of each cylinder were measured at room temperature using a micrometer. Sintered and infiltrated flat specimens 6 cm long with 4 x 10 mm cross-sectional dimensions were also prepared for three-point bend tests. The bend tests were performed on a servohydraulic universal test machine. The span was 40 mm, the displacement rate was 0.5 mm/min, and the displacement was measured from the crosshead.
These sintered and infiltrated specimens were cross-sectioned and imaged in the same manner as the loose powder particles. In addition, the Vickers microhardness of these cross-sectioned specimens was measured using a LECO microhardness tester with a hold time of 15 s. Low loads (10-50 gf) were used to measure the microhardness of individual phases, while higher loads (5 kgf) were used to measure the effective macrohardness. Figure 2 shows an XRD pattern collected from the rapidly-solidified powder particles. The broad, lowintensity halo between 15 and 25 °2θ is evidence of an amorphous phase. The Bragg peaks overlaid on this halo are assigned to α-Fe, VC, a M23C6 carbide, and a M3B2 boride that is typically molybdenumrich. After sieving, the powder had a mean particle size of 10 μm according to quantitative stereological measurements. The SEM micrograph of two cross-sectioned particles in Figure 3 shows how the internal structure of the particles depended on their size: the larger particle on the left contains clearly distinguishable regions that correspond to multiple distinct phases, whereas the smaller particle is featureless. Based on the homogeneous structure of these smaller particles, the more rapid cooling rate of finer particles [1] , and the broad halo in the XRD pattern, it is inferred that these smaller particles were amorphous. Inspection of many cross-sectioned particles revealed that only particles with diameters greater than ~5 µm crystallized during atomization. Figure 4 shows a representative thermogram from one of the differential thermal analysis (DTA) experiments used to study the structural evolution of this alloy. This curve features two irreversible exothermic reactions with peak temperatures at 690 and 800 °C as well as an endotherm between 1100 and 1180 °C associated with melting. To identify the solid-state reactions associated with each of the exotherms, XRD patterns were collected from powders that had been briefly heated to 700 and 1050 °C. These patterns are presented in Figure 2 , and they show that the exotherm at 690 °C is the result of a devitrification reaction, while the exotherm at 800 °C is due to the decomposition of the VC phase. Figure 5 is a high-magnification backscatter electron micrograph of a particle that had been heated to 1050 °C for 90 minutes, the same temperature and time used in the sintering and infiltration processes. Quantitative EDS showed that the bright regions in Figure 5 had a high concentration of molybdenum, meaning they were likely the boride phase, and that the surrounding matrix was α-Fe. Stereological measurements showed that the volume fraction of the boride phase was 0.2 and that this phase had a mean circular equivalent diameter of 0.5 μm. Using these values with the Zener relation [13] , the grain size of the ferrite matrix was estimated to be 1.7 μm. In light of these results, it seems that this alloy can retain a fine structure even during prolonged exposures to high homologous temperatures. Additionally, all of the annealed particles had a similar structure, so the variations in the as-received powder were eliminated on heating. Figure 5 : High-magnification backscatter electron micrograph of a cross-sectioned powder particle that had been held at 1050 °C for 90 minutes.
RESULTS AND DISCUSSION

POWDER STRUCTURE AND PROPERTIES
SINTERING AND INFILTRATION BEHAVIORS
The sintered cylinders exhibited a radial shrinkage of 1.1% and an axial shrinkage of 1.4%. This anisotropic shrinkage is likely a result of the powder spreading operation, which imparts orthotropic symmetry to the green part. With regards to process design, it is important that this alloy densifies near the liquidus temperature of the bronze infiltrant, since this helps the preform resist slumping during infiltration. The axial shrinkage of the infiltrated cylinders was 0.7%, half that of the sintered cylinders. Additionally, the infiltrated cylinders swelled 0.4% in the radial direction due to gravitational effects. Quantitative stereological measurements showed that the porosities of the sintered and infiltrated cylinders were 33% and 2%, respectively, and that the volume fraction of bronze in the infiltrated cylinders was 0.35. Figure 6 is a backscatter electron micrograph of one of the infiltrated cylinders. In this micrograph, the bronze infiltrant appears light and the sintered skeleton dark. This micrograph shows the spherical microvoids that were distributed evenly throughout the infiltrant and the sintered skeleton. This micrograph also shows two other important features of the infiltrated material's structure. First, there is a several µm-thick denuded zone at the interface between the infiltrant and the sintered skeleton where the α-Fe matrix has dissolved. Second, some regions of the sintered skeleton are free of the boride phase. According to EDS measurements, the composition of these boride-free regions was Fe-6Si-5Cr-5Cu, at%, which is distinct from the nominal composition of the powder feedstock. These two features were only found in the infiltrated specimens, suggesting these boride-free deposits formed because α-Fe dissolved into the molten bronze and then reprecipitated in a second location. 
MECHANICAL PROPERTIES
The Vickers microhardness of the sintered skeleton was 17 GPa. This is almost an order of magnitude greater than the expected hardness of pure iron with a grain size of 2 µm, according to the Hall-Petch data in Ref [14] . Thus, the high hardness of the sintered skeleton is most likely a result of the high volume fraction of the boride phase. The bronze-infiltrated material had a macrohardness of 11 GPa, which is close to the volume average hardness of the sintered skeleton and the bronze infiltrant, which has a Vickers hardness of 500 MPa in the annealed state according to Ref [15] . Table 2 includes the mechanical properties for the printed amorphous steel infiltrated with bronze and the standard ExOne materials: 420 and 316 Stainless Steels infiltrated with bronze (baseline). The results show comparable values for yield strength, tensile strength, and elongation with a slight decrease in density between the baseline stainless steels and the amorphous steel. The notable property of the amorphous steel is 11 GPa hardness value, which is over five times the hardness for the baseone ExOne materials. 7 presents representative load-displacement curves from bend tests on sintered and infiltrated specimens. The sintered specimens' load-displacement curves exhibit classic brittle behavior. In contrast, the non-linearity in the infiltrated specimens' load-displacement curves indicates that these materials underwent some plastic deformation prior to failure. Thus infiltration appears to have slightly improved the ductility. Comparison of these load-displacement curves shows that the infiltrated specimens were much stiffer and stronger than the sintered specimens: the infiltrated specimens had an average transverse rupture strength (σTRS) of 600 MPa, which was nearly four times higher than that of the sintered specimens. The infiltrated specimens were nonetheless much weaker than was expected based on their macrohardness. The fracture surfaces of the sintered and infiltrated bend test specimens were imaged in order to clarify how infiltration resulted in an almost four-fold increase in the σTRS. The fractograph of a sintered bend test specimen in Figure 8a shows that this sample failed by brittle fracture at the interparticle necks. By contrast, the fractograph of the infiltrated specimen in Figure 8b shows that this sample failed primarily by trans-particle crack propagation. These disparate failure modes suggest that infiltration eliminated the stress concentration at the interparticle necks. The magnitude of the neck stress concentration factor (S) can be estimated using
where x is the average neck radius and ρ is the average radius of curvature of the neck [16] . Quantitative stereological measurements on the sintered specimens gave x = 4 µm and ρ = 1 µm so that S ≈ 3. Thus, eliminating the stress concentration at the necks by infiltration should have increased the σTRS by a factor of three, which is consistent with the strengthening increment seen in the bend tests.
Closer inspection of the fracture surfaces of the infiltrated specimens revealed two more interesting features. First, the fracture surface contained large cleavage facets, an example of which is shown in Figure 9a . Using EDS, these regions were identified as reprecipitated iron deposits. The brittle behavior of these deposits means they should be avoided, and one way to eliminate them is to use a shorter infiltration time. Second, microcracks like the one shown in Figure 9b intersected the fracture surface in many places. These microcracks had an average length of 15 μm, which is similar to the particle length scale. Because these cracks mostly appeared at the interface between the infiltrant and the sintered skeleton, it seems that the infiltrant played a dual role, simultaneously strengthening and toughening the alloy while also introducing crack nucleation sites. 
CONCLUSIONS
A rapidly-solidified powder was processed using binder-jet 3D printing and molten bronze infiltration.
The following conclusions were drawn from a systematic analysis of the microstructure and mechanical properties of the infiltrated material:
The powder feedstock sinters and undergoes a series of solid state reactions on heating to the infiltration temperature. The structure that it ultimately develops features a dispersion of sub-micron boride dispersoids in an α-Fe matrix.
During infiltration, some of the α-Fe matrix dissolves into the molten bronze and then re-precipitates at a second location. Inspection of the fracture surface of the infiltrated material showed that this reprecipitated α-Fe was brittle and cleaved, and should therefore be avoided by using shorter infiltration cycles.
The infiltrated material had a macrohardness of 11 GPa and a transverse rupture strength of 600 MPa, which was four times higher than that of the sintered material. Examination of the sintered and infiltrated materials' fracture surfaces showed that infiltration mainly affected the transverse rupture strength by eliminating the stress concentration at the interparticle necks.
Applications for the infiltrated material are likely to be in harsh environments where net-shape parts with high hardnesses are required.
Industry Partner Involvement: ExOne provided advisement on sintering cycle, bronze infiltration procedure, printing settings for the different-shaped powder, and donated equipment as part of the costshare for this project.
SUBJECT INVENTIONS
Potentially, the 3D printing of high-entropy alloys via binder jetting could be patentable. Further investigation will be needed to explore this possibility.
COMMERCIALIZATION POSSIBILITIES
ExOne provides metal additive manufacturing services to aerospace, oil and gas, and mining industries, among others. Currently, the applications in which they can provide metal parts for these industries are limited by the material properties of their current material system, which is printed stainless steel in a bronze matrix. By replacing the stainless steel with a harder material like the amorphous alloy in this study, ExOne can expand their services to provide parts for high-wear applications.
PLANS FOR FUTURE COLLABORATION
ORNL plans to continue working with ExOne to advance Binder Jet technology toward the goal of achieving printed parts with a wide range of material properties suitable for vast industrial application. Future work includes exploring stronger binders to enable more complex geometries and new infiltrates to replace bronze as the material matrix.
CONCLUSIONS
In this work, a commercially-available amorphous alloy was incorporated into the binder jetting AM process for the purpose of producing harder AM parts for high-wear applications. The alloy was printed via binder jetting and infiltrated with bronze via the current process developed for stainless steel. Results show hardness has been increased by a factor of 5 for the currently-existing metals provided by ExOne.
